The E1B-55K and E4orf6 oncoproteins of adenovirus type 5 are involved in the export of viral mRNAs. Previously, it was suggested that a complex composed of E1B-55K and E4orf6 serves as a nucleocytoplasmic transporter for viral mRNAs in which the E4orf6 protein directs both nuclear import and export. We now demonstrate that the E1B-55K protein itself shuttles eciently in the absence of E4orf6. In addition, E1B-55K tracking was independent of the de®ned shuttle proteins Mdm2 or p53, which interacts with E1B-55K. The identi®ed N-terminal E1B-55K leucine-rich nuclearexport signal (NES) conferred rapid nuclear export even in a heterologous system in contrast to the postulated E4orf6NES. Interestingly, although shuttling was blocked by inhibitors of the CRM1 mediated export pathway, E1B-55K inhibited neither the activity nor the tracking of the retroviral shuttle proteins HIV-1 Rev and HTLV-1 Rex. In contrast, Rev or Rex blocked the nuclear export of E1B-55K, most likely by competing for essential export factors. Our results provide new insights into the regulation of the adenovirus mRNA export system and the processes of adenovirus mediated transformation. Oncogene (2000) 19, 850 ± 857.
Introduction
Similar to complex retroviruses, human adenoviruses have developed a system that favours the transport of viral mRNAs. The human retroviruses HIV-1 and HTLV-1 encode the gene products Rev and Rex that mediate the export of viral RNAs. These proteins interact with distinct RNA elements, and the complex of RNA and protein is translocated from the nucleus to the cytoplasm (for review see: Felber, 1997) . To function as a RNA-transporter these proteins need, besides an RNA-binding domain, a nuclear localization signal (NLS) and a nuclear export signal (NES) (for detailed reviews see: GoÈ rlich, 1997 GoÈ rlich, , 1998 . Especially, the mechanism of nuclear export is currently actively studied and several candidate protein-transport mediators have been identi®ed (Bevec and Hauber, 1997; Fornerod et al., 1997) .
During the late phase of adenovirus infection the nuclear export of most cellular mRNA species is inhibited while viral mRNAs accumulate eciently in the cytoplasm. Several studies over the past years have shown that human adenovirus type 5 (Ad5) encodes at least three early gene products, E1B-55K, E4orf6 and E4orf3 which promote viral replication by modulating nucleo-cytoplasmic mRNA export (for review see: Leppard, 1998; Shenk, 1996) . Mutant viruses lacking one or more of these proteins are de®cient in transport of late viral transcripts from the nucleus to the cytoplasm, resulting in impaired synthesis of late viral proteins and thus virus production (Leppard, 1998) . Phenotypic analyses of E1B and E4 mutant viruses as well as biochemical evidence revealed that both E4orf6 and E4orf3 can independently associate with E1B-55K in infected cells (Leppard and Everett, 1999; Rubenwolf et al., 1997; Sarnow et al., 1984) , in a temporal coordinated manner (KoÈ nig et al., 1999) and that complex formation between E1B-55K and E4orf6 is necessary for ecient late viral mRNA transport (Leppard, 1998) . Although, it was proposed that a complex of E4orf6 and E1B-55K mediates viral RNA transport in which E4orf6 confers nuclear import and export (Dobbelstein et al., 1997) , the detailed mechanism by which these adenovirus proteins promote nucleo-cytoplasmic RNA transport is not completely understood. Recent studies indicate that E4orf6, and in particular E4orf3, initiate the nuclear reorganization of cellular and viral factors that might also indirectly favour this process (Carvalho et al., 1995; Doucas et al., 1996) . At late times of infection E1B-55K and E4orf6 are localized within and at the periphery of nuclear viral inclusions, believed to be the sites of viral transcription and/or replication (Ornelles and Shenk, 1991) . This observation is consistent with the idea that this viral protein complex regulates RNA transport at an intranuclear step possibly by facilitating the movement of mature viral mRNAs to the nuclear pore complex (Dix and Leppard, 1993; Leppard, 1993; Nordqvist et al., 1994) . The E1B-55K protein not only plays a critical role during viral replication but appears to be also involved in the processes of transformation (Moore et al., 1996) . E1B-55K was described to interact with and to inactivate the tumor suppressor protein p53 in cooperation with E4orf6 and to induce metaphase chromosome fragility (Kao et al., 1990; Liao et al., 1999; Querido et al., 1997; Roth et al., 1998; Steegenga et al., 1998) . Thus, E1B-55K can clearly be considered a multifunctional protein. Since E1B-55K was also described as a cytoplasmic protein (Goodrum et al., 1996; Zantema et al., 1985) but obviously is involved in nuclear events like mRNA transport and transformation, we thoroughly examined the nucleo-cytoplasmic tracking ability of E1B-55K. Here we show that the Ad5 E1B-55K protein shuttles independently from E4orf6 and cellular tracking proteins like p53 or Mdm2. As a bona ®de shuttle protein E1B-55K contains a C-terminal NLS and a Nterminal leucine-rich NES, similar to retroviral shuttle proteins (for review see: Pollard and Malim, 1998) . Our study indicates that adenoviral and retroviral shuttle proteins mediate RNA transport via the CRM1 export pathway. Although using at least overlapping export pathways, E1B-55K did not inhibit the tracking of retroviral proteins suggesting dierent anities for export components.
Our ®ndings strongly support the central role of E1B-55K in the regulation of late adenoviral mRNA transport and imply that the intrinsic shuttling activity might provide yet unknown functions required for the E1B-dependent inhibition of p53, cell cycle regulation, and consequently oncogenic transformation.
Results

E1B-55K is an active shuttle protein and export is mediated by the CRM1 pathway
The Ad5 E1B-55K protein has been reported to localize to the cytoplasm, the nucleus or both depending on the cell line used and the presence or absence of other viral proteins (Goodrum et al., 1996; Rubenwolf et al., 1997; Zantema et al., 1985) . In order to study E1B-55K localization and tracking in live cells we expressed full length (referred to as E1B-GFP) and truncated E1B-55K proteins as hybrids with GFP ( Figure 1 ). Fluorescence microscopy revealed that E1B-GFP was predominantly cytoplasmic when transiently expressed in human (HeLa, 293) or rodent cell lines (NIH3T3) (Figure 2a and data not shown). The nucleo-cytoplasmic tracking of E1B-GFP was veri®ed by treatment with the nuclear export inhibitor leptomycin B (LMB). Following LMB treatment, E1B-GFP accumulated rapidly in the nucleus in human and rodent cell lines (Figure 2b and data not shown). Likewise, coexpression of a protein reported to inhibit the CRM1 mediated nuclear export pathway , p21Rex-BFP (Figure 2c,d) , resulted in nuclear accumulation of E1B-GFP, indicating that the inhibitory eect of LMB on E1B-55K export is not due to cellular toxicity. Of note, untagged E1B-55K also accumulated in the nucleus following LMB treatment as veri®ed by indirect immuno¯uorescence (data not shown).
Since E1B-55K was reported to interact with p53 or the Ad5 E4orf6 protein, both reported as shuttle proteins, we investigated the tracking of E1B in their presence or absence. As shown in Figure 2a ,b, E1B-55K was actively tracking in cells lacking E4orf6. Likewise, E1B-GFP displayed the same localization and tracking pattern in the p53 de®cient cell line H1299 (Figure 2e ,f) or the p53-and Mdm2-negative cell line X174 (Figure 2g,h) . Thus, the nucleocytoplasmic transport of E1B-55K was not indirectly mediated by the interaction with E4orf6, p53 or Mdm2. As a control, E1B-GFP was able to interact with E4orf6 or p53 as reported for untagged E1B-55K and localized to the nucleus following adenovirus infection (data not shown).
The adenovirus E1B-55K oncoprotein contains nuclear export and nuclear localization signals
Having con®rmed the independent shuttling of E1B-55K, we focused on the mapping of domains directing nucleo-cytoplasmic tracking. For this purpose, parts of the E1B-55K protein were expressed as GFP-hybrids (see Figure 1 ) and the localization studied in living human cells following transient transfection. As depicted in Figure 3a ,b the hybrid proteins containing the E1B-55K amino acids 1 ± 163 and 1 ± 363 displayed a predominantly cytoplasmic localization. Likewise, a E1B-GFP deletion mutant lacking the amino acids 216 ± 326 was cytoplasmic. Treatment with LMB resulted in nuclear localization con®rming the shuttling capability of the hybrids (data not shown). In contrast, GFP-fusions containing the E1B amino acids 266 ± 496 and 364 ± 496 were predominantly nuclear, indicating the presence of a nuclear localization signal (NLS) (Figure 3c,d ). The combined data suggested that a NLS resides in the E1B-55K carboxy-terminus between the amino acids 364 ± 496. Futhermore, our data indicated that the nuclear export signal was located between the amino acids 1 ± 163.
The E1B-55K-but not the E4orf6-NES is highly active in a heterologous system Most of the NESs described so far match the leucinerich type (for review see: Bogerd et al., 1996; Hope, 1997) . Thus, we analysed the E1B-55K sequence for a potential NES (amino acids 83 ± 100; see Table 1 ) which was expressed in bacteria as a fusion with glutathione S-transferase and GFP (GST-E1BNES-GFP). This recombinant substrate was subsequently tested in a microinjection assay system which allows the identi®cation of NES sequences in living cells independent of nuclear entry and passive diusion . Following microinjection into the nuclei of living cells, the auto¯uorescent substrates containing amino acids 83 ± 100 or a minimal NES (amino acids 83 ± 93) were eciently exported after 40 min (data not shown and Figure 4b ). On the other hand, the amino acids 85 ± 95 or a mutated NES in which essential leucine residues had been replaced by alanines (see Table 1 ) were unable to direct nuclear export under the same experimental conditions (data not shown and Figure 4d ).
Previously it was reported that the E4orf6 protein is a shuttle protein mediating the adenoviral late mRNA transport (Dobbelstein et al., 1997) . To compare the potential of the E1B-55K-NES and the postulated E4orf6-NES to mediate nuclear export in a de®ned context, the respective NESs were expressed as GST-GFP fusion proteins. In contrast to the E1B-NES (see Figure 4 ), no substantial nuclear export could be detected for the E4orf6-NES up to 4 h after microinjection into the nucleus. The same result was obtained using a GST-E4orf6-NES fusion (data not shown). In order to improve the export potential of the E4orf6-NES we changed a methionine into leucine (see Table 1 ) to match more closely the postulated consensus sequence for nuclear export signals (Bogerd et al., 1996) . However, even`optimizing' the E4orf6-NES did not improve its export capabilities.
E1B-55K proteins lacking the NES accumulate in the nucleus
To verify the functional signi®cance of the de®ned export signal in the context of the full length E1B-55K protein, critical leucine residues of the NES (amino acids 83, 87, and 91) were mutated into alanines. As expected, a GFP-hybrid protein containing the mutated E1BDNES-55K displayed a nuclear localization (see Figure 3e ). The same localization of an untagged E1BDNES-55K protein was observed by indirect immuno¯uorescence (data not shown). Interestingly, the de®ned NES is also absent in the E1B-55K protein of the highly tumorigenic adenovirus type 12. This explained the predominantly nuclear phenotype of an Ad12 E1B-GFP fusion protein (see Figure 3f ).
Retroviral shuttle proteins are not affected by E1B trafficking but efficiently inhibit the E1B nuclear export
The nuclear export of the retroviral regulatory proteins HIV-1 Rev or HTLV-1 Rex is also aected by LMB The same localization and tracking pattern was observed in the p53 negative cell line H1299 (e,f) or the p53 and Mdm2 negative cell line X174 (g,h). The presence of p21Rex-BFP in the same cell was veri®ed using the appropriate ®lter to detect BFP and mediated by the CRM1 export pathway (Fornerod et al., 1997; Heger et al., 1999; Stauber et al., 1998a) . To understand how adenoviral or retroviral shuttle proteins exploit this export pathway, we reasoned that a shuttle protein with a high anity for common export factors should be able to aect the tracking of a shuttle protein with a lower anity in trans. Interestingly, not only overexpression of p21Rex (see Figure 2c ,d) but also of the HIV-1 Rev or HTLV-1 Rex protein aected the nuclear export of E1B-GFP resulting in nuclear accumulation ( Figure 5a ,b and data not shown). The steady-state localization of HIV-1 Rev is nuclear/nucleolar although the protein is constantly shuttling between the nucleus and the cytoplasm (Stauber et al., 1995) . Since E1B-GFP did not colocalize with HIV-1 Rev to the nucleoli ( Figure  5a ,b) the inhibitory eect of Rev appeared not to be mediated by direct protein-protein interaction as demonstrated for trans-dominant Rev mutants (Stauber et al., 1998a) . In contrast, overexpression of E1B-55K or infection with adenovirus type 5 did not aect the tracking of Rex-GFP or a cytoplasmic shuttling HIV-1 Rev mutant (Rev38-GFP) (Figure 5c ,d and data not shown). Likewise Rev mediated trans-activation, re¯ecting nucleo-cytoplasmic RNA transport, was not decreased by overexpression of E1B-55K ( Figure 6 ). As a control, coexpression of Rexp21-GFP which aects Rev activity by the titration of essential export cofactors inhibited Rev activity.
The reported inhibitory eect of E4orf6 on HIV-1 Rev activity (Dobbelstein et al., 1997) was also observed for an E4orf6 mutant lacking the postulated NES ( Figure  6 ) and thus appears not to be directly connected to nucleo-cytoplasmic transport or the titration of essential export factors. These results indicate that, although the adenoviral E1B-55K and retroviral shuttle As assayed by microinjection of GST-NES-GFP recombinant substrates into the nucleus Figure 4 The E1B-55K NES actively directs the nuclear export of a GST-GFP substrate. Recombinant GST-GFP substrates containing the E1B-NES or a mutated NES were microinjected into the nuclei of Vero cells and export monitored directly bȳ uorescence microscopy. Whereas the E1B-NES directed ecient nuclear export (b), the mutated NES was inactive (d). The coinjected IgG served to control for nuclear injection (a,c). Bar indicates 30 mm proteins use at least partially overlapping export pathways, the retroviral proteins apparently display a higher anity for common export components.
Discussion
This study was undertaken to characterize in molecular terms the shuttling capability of the Ad5 E1B-55K protein in living cells. Using fusions to GFP we found that the steady-state localization of E1B-55K was predominantly cytoplasmic but E1B-55K accumulated rapidly in the nucleus in the presence of inhibitors targeting the CRM1-mediated nuclear export pathway (Figure 2 ). Deletion mutagenesis revealed the presence of a nuclear export and nuclear localization signal. E1B-55K is lacking a classical NLS characterized by clusters of basic residues (for review see: GoÈ rlich, 1997, 1998) but contains regions of basic amino acids dispersed throughout the protein. The kinetics of nuclear import following LMB treatment together with the size of E1B-GFP (approx. 80 K) favour active import rather than passive diusion and further studies are ongoing to dissect the E1B import pathway. Previously, Grand and coworkers (Grand et al., 1999) described a NLS in the Ad12 E1B protein. The dierence in localization (cytoplasmic for the Ad5 E1B-55K versus predominantly nuclear for the Ad12 E1B-54K protein) was explained by the lack of the postulated NLS in the Ad5 E1B-55K protein. However, comparison of the amino acids sequence revealed that the Ad12 E1B-54K protein was lacking the identi®ed NES ( Figure 7 ). Thus, it seems likely that the absence or presence of the NES is responsible for the dierent steady-state localization of the Ad12 and Ad5 E1B-55K proteins as underscored by the nuclear localization of a NES-de®cient Ad5 E1B-55K mutant ( Figure 4) .
As a bona ®de shuttle protein E1B-55K also contains a NES of the leucine-rich type ®rst described in retroviral shuttle proteins but also identi®ed in a variety of cellular and viral proteins (reviewed in: GoÈ rlich, 1998) which was also suggested by Liao et al. (1999) . The E1B-55K NES not only matched the postulated NES consensus sequence (Bogerd et al., 1996) but was characterized in the context of the full length protein and in a heterologous system. Mutation of essential leucines into alanines completely abolished the cytoplasmic localization of a E1BDNES-GFP mutant (Figure 3 ). In addition, the identi®ed NES directed ecient nuclear export of a GST-NES-GFP substrate following microinjection ( Figure 4) . As described previously , this system allows not only to investigate the kinetics of nuclear export independent of passive diusion, but also Figure 5 E1B-55K nuclear export is aected by overexpression of retroviral shuttle proteins but not vice versa. Overexpression of HIV-1 Rev (5 mg of plasmid-DNA) aected the nuclear export of E1B-GFP (1 mg of plasmid-DNA) (a,b). In contrast, the shuttling of Rex-GFP (1 mg of plasmid-DNA) was not inhibited by overexpression of E1B-55K (5 mg of plasmid-DNA). Asterisks are indicating cells coexpressing E1B-GFP and Rev, whereas the arrow marks a cell expressing E1B-GFP only. The presence of HIV-1 Rev or untagged E1B-55K in the same cells was veri®ed by indirect immuno¯uorescence using an a-Rev or a-E1B-55K antiserum, respectively Figure 6 Overexpression of E1B-55K does not aect HIV-1 Rev activity. Rev mediated trans-activation was determined by cotransfection of HLtat cells with a Rev-responsive CATexpression plasmid, the indicated expression constructs and a constitutive internal control vector. All CAT values were adjusted for transfection eciency and were corrected for background (mock) activity. Duplicate plates were used and the results were averaged. Similar results were obtained in at least two independent experiments Figure 7 Comparison of the E1B amino acid sequence from several Ad strains. Alignment was performed using the ClustalX Program (Thompson et al., 1997) . Identical amino acids are indicated by a black box. The position of the identi®ed NES is marked by the shaded box. Note that the NES is absent in the Ad strains type 40, 41 and 12 independent of domains in the protein potentially interfering with export by mediating nuclear/cytoplasmic retention (Stauber et al., 1998a; Stauber and Pavlakis, 1998) . It is striking that in the de®ned minimal NES the absence of the leucine residue at position 83 completely abolished nuclear export (Figure 4 ). This implies that the NES displays a highly speci®c three-dimensional conformation essential to mediate the interaction with export factors. Surprisingly, the postulated E4orf6-NES was inactive in our assay. Even introducing another leucine residue and therefore matching more closely the NES consensus sequence (Bogerd et al., 1996) did not improve the export activity. The reason for this dierence is unclear but may re¯ect dierent experimental conditions or may be explained by the fact that the E4orf6-NES was inactive in the context of the GST-GFP setup. However, several other heterologous NESs tested were highly active in our system (Rosorius et al., unpublished observations) . Nevertheless, our data strongly suggest that the E1B-55K protein is a more attractive nucleo-cytoplasmic transport protein compared to E4orf6. Interestingly, E1B-tracking interfered neither with the activity nor the tracking of retroviral shuttle proteins but vice versa. These results imply that, although retroviral and adenoviral proteins use the CRM1-dependent nuclear export pathway, retroviral shuttle proteins appear to display a higher anity for common export components and are therefore able to successfully compete for export. Clearly, further studies are required to identify and characterize the individual components involved in these export pathways. Since complex retroviruses but not adenoviruses absolutely depend on the function of their shuttle proteins, retroviruses were forced to develop a highly ecient export system during evolution.
Viruses have developed a variety of strategies to parasite successfully from the host cell which include the inhibition of host cell protein synthesis, modulation of mRNA maturation and interference with mRNA nucleo-cytoplasmic transport (for review see: Aranda and Maule, 1998). Adenovirus infection not only severely aects host cell protein synthesis but also promotes the nucleo-cytoplasmic transport of viral RNAs, thereby inhibiting the transport of most of the cellular mRNAs. At least three early gene products, E1B-55K, E4orf6 and E4orf3 are involved in the posttranscriptional control of Ad late mRNA transport (reviewed in: Leppard, 1998) . A previous study by Dobbelstein and colleagues suggested that the E4orf6 protein mediates RNA transport in conjunction with E1B-55K (Dobbelstein et al., 1997) . In this model, E4orf6 contains a NLS and NES mediating nuclear import and export of the complex, whereas E1B-55K functions by releasing the nuclear retention of E4orf6. Our data demonstrate that E1B-55K itself is capable of ecient nucleo-cytoplasmic tracking independently of E4orf6. As opposed to E4orf6 which was described as a slow tracking protein, E1B-55K meets all the requirements for an active RNA transporter: First, it contains a N-terminal nuclear export and a C-terminal nuclear localization signal. Second, these signals confer ecient nuclear import and export. Third, E1B-55K has been reported to possess RNA-binding activity (Horridge and Leppard, 1998) , and fourth, nucleocytoplasmic shuttling of E1B-55K would be compatible with recent observations showing that mRNA export of activated cellular genes in the late phase of Ad infection is dependent on the expression of a functional E1B-55K protein (Huang and Flint, 1998; Yang et al., 1996) . Some of these features are reminiscent of retroviral posttranscriptional regulators like the HIV-1 Rev or the HTLV-1 Rex proteins also characterized by an NLS/NES, a RNA-binding domain and ecient nucleo-cytoplasmic tracking (Felber, 1997; Stauber et al., 1998a) . In contrast to the Rev/ RRE or Rex/RxRE axis, no speci®c RNA structure has been de®ned in Ad mRNAs. One could speculate that Ad mRNAs are lacking a high anity RNAbinding site but are recognized via some features of the unused splice sites or intron sequences. This would explain the need of additional proteins to tether E1B-55K to its RNA-targets. Interestingly, E4orf6 and E4orf3 were both reported to target E1B-55K to the viral replication centers, thereby ensuring that E1B-55K is in close proximity to late viral transcripts (KoÈ nig et al., 1999; Leppard and Everett, 1999; Ornelles and Shenk, 1991) .
Because E1B-55K eciently moves between the nucleus and the cytoplasm it is tempting to speculate that this activity might provide additional lytic functions that are probably unrelated to the inhibition of mRNA transport. Similar to the HIV-1 Rev protein (D'Agostino et al., 1992) , E1B-55K also stimulates viral mRNA translation resulting in high levels of late Ad gene products (Harada and Berk, 1999) . Also, E1B-55K directly inhibits host protein synthesis (Babich et al., 1983) and blocks the E1A-induced accumulation of the tumour suppressor protein p53 in combination with E4orf6 (Grand et al., 1994; Querido et al., 1997) . Furthermore, it was shown recently that the adenovirus protein relieves growth constraints imposed on viral replication by the cell cycle Ornelles, 1997, 1999) . Finally, it is interesting to note that Ad5 E1B-55K but not Ad12 E1B-54K colocalizes with the tumour suppressor proteins p53 and WT1 in a perinuclear body in transformed cells (Maheswaran et al., 1999; Zantema et al., 1985) . Since Ad12 E1B-54K lacks the identi®ed NES (Figure 7 ) it is possible that the E1B-dependent cytoplasmic sequestration of both cellular proteins results from the ability of the Ad5 polypeptide to shuttle between the nucleus and the cytoplasm. It will be our future interest to characterize the replication of an Ad5 virus expressing a NES-de®cient E1B-55K protein and to investigate if the shuttling activity of E1B-55K can modulate Ad pathogenesis (Ginsberg et al., 1999) and transformation.
In summary, we have demonstrated that the Ad5 E1B-55K protein contains an amino-terminal located NES of the Rev-type which confers rapid shuttling independent from E4orf6, p53 and Mdm2. Our results provide strong support for the idea that E1B-55K plays a central role in the regulation of late viral mRNA transport and indicate that this adenovirus protein directly participates in the export process by accompanying RNA out of the nucleus similar to the Rev/Rex pathway. Our ®ndings also imply that this intrinsic activity might provide yet unknown functions required for the E1B-dependent inhibition of p53, cell cycle regulation and oncogenic transformation. Based on the multiple functions of Ad5 E1B-55K it will be interesting to analyse the contribution of the shuttling activity for viral replication and adenovirus transforma-tion. These studies will provide valuable information allowing the rational design of optimized Ad vectors presently under active investigation as an anti-tumour therapy (Fujita et al., 1995; Kirn and Hermiston, 1999; Kirn et al., 1998; Stewart et al., 1999) .
Materials and methods
Plasmids
pCMV-GFPsg25 and pCMV-BFPsg50 express versions of the green¯uorescent protein (GFP) emitting green or blue light, respectively, under the control of the CMV immediate early promoter (Stauber et al., 1998b) . To generate the dierent pE1B-GFP expression plasmids, the E1B-55K coding regions of adenovirus type 5 or type 12 were ampli®ed by PCR using pXC15 (Logan et al., 1984) as templates and appropriate primers containing NheI-restriction sites. Vectors expressing GFP/BFP-tagged adenovirus type 5 E4orf6 or human p53, respectively, were constructed by the same cloning strategy using plasmids pCMV-E4orf6 or pC53-SN3 (Hinds et al., 1990) as templates. pcE4orf6DNES encodes a E4orf6 protein in which the putative NES was inactivated (Dobbelstein et al., 1997) . The PCR products were digested with NheI and cloned into the NheI-cut vector pCMV-GFPsg25 or pCMV-BFPsg50, respectively. Alternatively, PCR products encoding E1B-GFP fusion proteins were generated using speci®c primers containing BamHI-and NheI-restriction sites and cloned into the BamHI/NheI-cut vector pcDNA3 (Invitrogen). Plasmid pcDNA3-E1B expresses an untagged version of the Ad5 E1B-55K protein . To generate pE1BDNES-GFP the leucine residues at position 83, 87 and 91 within the NES were changed to alanines by using the`site directed mutagenesis kit' (Stratagene), pE1B-GFP and appropriate primers containing the speci®c mutations.
Plasmids pRex-GFP or p21Rex-BFP encoding GFP-tagged HTLV-1 Rex or a BFP-tagged truncated Rex mutant, respectively, were described previously . pBrev38-GFP expresses a cytoplasmic HIV-1 Rev-GFP fusion protein (Stauber et al., 1998a) . The HIV-1 Rev and HTLV-1 Rex expression vectors pcRev and pcRex, respectively, were described elsewhere . Vectors pBC12/CMV and the construct pBC12/CMV/bGal were used in transfection experiments to maintain constant input DNA levels and to control for transfection eciencies, respectively. pDM128/CMV/RRE is a Revresponsive reporter construct encoding the bacterial chloramphenicol acetyltransferase (CAT) .
Potential nuclear export signals (NES) were cloned into the bacterial expression vector pGEX-GFP using complementary oligonucleotides containing BamHI/NheI restriction sites. The resulting plasmids pGEX-E1B83/100-GFP, pGEX-E1B85/95-GFP and pGEX-E1B83/ 93-GFP encode fusions of glutathione S-transferase (GST) and the E1B speci®c amino acids linked to GFP. The construct pGEX-E1B83/93mut-GFP contains a mutated NES in which the leucine residues at position 83, 87 and 91 were substituted by alanines. pGEX-E4NES-GFP and pGEX-E4LNES-GFP encode GST-GFP fusions linked by the Ad5 E4orf6 amino acids 83 ± 92 (MVLTREELVI) or by the sequence LVLTREELVI. The coding regions of all constructs were con®rmed by sequence analysis.
Purification of GST-GFP fusion proteins
GST-GFP fusion proteins were expressed in E.coli BL21 and anity puri®ed from crude lysates under native conditions as described .
Cells, transfections and virus infections
For microscopic and functional studies the human cell lines HeLa, HLtat, 293, H1299, and X174 (kindly provided by Guillerma Lozano), Vero cells or the mouse NIH3T3 cell line Mitsudomi et al., 1992; Rosorius et al., 1998) were used and transfected as described (Stauber et al., 1995) . Rev trans-activation assays were performed in HLtat cells as described . Cells were infected with Ad5 at a multiplicity of 10 PFU and analysed 24 h later.
Microscopy and microinjection
Cells were seeded into coated 50 mm glass bottom dishes (MatTek Cor.) and transfected 24 h later with the indicated plasmids. One day later, the cells were observed with an inverted¯uorescence microscope (Zeiss Axiovert 135). GFP and BFP signals were observed using the FITC-¯uorescence ®lter set or a broad band DAPI-®lterset as described (Stauber et al., 1998a) .
Microinjection was performed using a CompiC INJECT computer-assisted injection system (Cellbiology Trading) as described .
12-bit images were captured with a cooled MicroMax CCD camera (Princton Instruments). Image analysis and presentation was performed using the IPLab Spectrum and Adobe Photoshop software.
Indirect immunofluorescence
Cells were ®xed, permeabilized and incubated with a polyclonal rabbit anti-Rex, a mouse monoclonal anti-Rev antibody (diluted 1 : 200 in PBS) or the anti-E1B-55K hybridoma supernatant (2A6) as described Sarnow et al., 1982) . Appropriate Texas Red-or Rhodamine-conjugated IgG (Sigma) was used as a secondary antibody at a 1 : 100 dilution.
Leptomycin B treatment
Cells transfected with the indicated plasmids were treated after 24 h with leptomycin B (6 nM) for 30 min and examined by¯uorescence microscopy without ®xation.
